A combination of Broenkow's nutrient oxygen model and Bowden's residence time evaluation of upwelled waters enabled us to calculate the "net community production" (NCP) in coastal upwelling areas (NW Africa, SW Africa, Peru) and in an open upwelling (Costa Rica Dome). Since NCP represents mainly new production in terms of phosphorus or nitrogen, and since it derives from integrated nutrient consumption over the main production area, a good picture of the average fertility of these zones is obtained. In terms of carbon, NCP averaged 0.6 g C m-2 d-l off Peru, 1.1 off SW Africa, and 2.3 off NW Africa. However, production budget per kilometer of coastline is greater for both Peru and SW Africa than it is for NW Africa. The lower activities off Peru and off SW Africa correspond to a relatively high nutrient-low chlorophyll (HNLC) situation, characterized by a slowly growing phytoplankton standing stock. Such HNLC situations are greatly pronounced in the Costa Rica Dome, with NCP values as low as 0.14 g C m-2 d-l. Herbivorous grazing in the freshly upwelled source water appears to be the most plausible explanation for the low chlorophyll. This mechanism for cropping phytoplankton and retarding nutrient uptake provides a way to spread nutrient input to the open ocean. Italso explains the prevalence of oxygen undersaturation (and CO, oversaturation) in the surface waters of the equatorial upwelling. By using the NW African data and NCP and ammonium excretion rates from the literature we could calculate an Eppley ffactor (pN0, -: pNO,-f pNH,+) of 0.64. *
Renewed interest in oceanic primary productivity was stimulated by criticisms of the classical 14C method (Gieskes et al. 1979) and its impact on past productivity measurements (Eppley 1980; Peterson 1980) . It appeared that the 14C method was underestimating productivity in large parts of the oligotrophic world ocean. Shulenberger and Reid (198 1) and Jenkins (1982) , using indirect methods, confirmed such underestimation, but more recent research has restored confidence in the 14C method (Williams et al. 1983 ). This controversy has stimulated the development of alternative methods for determining primary productivity. Many are less sensitive than direct incubation measurements, but provide order-of-magnitude estimates over oceanographically significant scales of time and l This study was supported by the French CNRS contracts GRECO 130034, URA-41 and ATP-USA-1984 to H. J. Minas and by the U.S. NSF grant INT 82-12505 and ONR contract NO00 14-76C-027 1 to T. T. Packard. Contribution 84018 from Bigelow Laboratory for Ocean Sciences. space. Some are new, such as sediment traps placed below the euphotic zone and heliumtritium tracer techniques applied to the deep water; others are reapplications of classical methods, such as calculations based on changes of nutrient salts and oxygen (Redfield 1948; Ketchum and Corwin 1965) . In seasonally varying systems where the time intervals are well known these classical methods generate realistic nutrient budgets and production estimates; but in systems with quasi-continuous nutrient input, such as upwellings, production estimates are complicated by the difficulty of measuring the time differential (At) corresponding to the nutrient consumption (AN) or to the oxygen production (AO,; Minas et al. 19823) . Production estimations made with drogues (Ryther et al. 197 1; Herbland and Voituriez 1974) are inherently imprecise, particularly in frontal zones, because mixing and downwelling alter the identity of the water mass.
We here apply diagram analysis (Minas et al. 19823) , based on Broenkow's (1965) oxygen and nutrient model, to the Peru cur-rent and the SW African upwelling systems. In addition, we estimate the time differential by measuring the heat gain in upwelled water during its offshore transport (Bowden 1977) . Since the heat gain (AQ) is proportional to the time lapse (At), we can obtain a productivity expression (AN x At-*). The idea of the increase in sea surface temperature as a time factor for algal growth is not new (Brink et al. 198 1; Boyd and Smith 1983) . But Bowden's (1977) procedure uses T-S diagram analysis, which is methodologically almost identical to our diagram analysis. With this estimate of the time differential we then calculate the pelagic productivity through nutrient consumption rather than through an observed change in particulate matter.
In this paper we also propose a revised calculation of our earlier value (Minas et al. 1982b ) of theffactor of Eppley et al. (1979) . This new calculation will resolve in a satisfactory way the disagreement that we have created by comparing an "upwelling f value" of Eppley et al. ( 1979) with a value estimated by Smith and Whitledge (1977) .
Although the productivity and fertility of upwelling areas have been studied from many aspects (Barber and Smith 198 1; Codispoti et al. 1982a ; Minas et al. 1982a ; Packard et al. 1984; Smith 1984) , none of these studies has generated integrated carbon budgets on a mesoscale basis or per unit coastline. Such objectives are easily met with our calculations of integrated nutrient consumption. Our main aim is to apply our way of estimating productivity to tropical and subtropical upwelling situations. The method requires complete multiparameter data sets, which are seldom available. We were able to obtain such data sets and analyze four major upwelling zones; however because the Peruvian data pertain to austral autumn, overall generalization of our findings must be made with caution.
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Source of the data
The hydrographical and chemical data used here are from international upwelling expeditions (Fig. 1) . The results are published in the reports listed: NW Africa, Groupe MEDTPROD (1976) and Minas et al. (19823) ; SW Africa, Schulz et al. (1979) and Hagen et al. (198 1) ; and Peru, Univ. Wash. Dep. Oceanogr. JOINT 2 Data Rep. M78-48. The sections used in our analysis were selected for their completeness. Chlorophyll, inorganic nutrients, oxygen, temperature, and salinity were measured in each section.
Principle of diagram analysis
Our diagram analysis is based on the model applied to the Costa Rica Dome upwelling by Broenkow (1965) , which permits evaluation of phytoplankton nutrient consumption (-AM, and also of photosynthetic oxygen production (+AO,). Biological changes are represented by the vertical distance between any given point in a nutrient-salinity or an oxygen-salinity diagram and the theoretical mixing line between the upwelling source water and the offshore oligotrophic water. This diagram analysis is explained by Minas et al. (1974, 19823) and applied to the NW African upwelling area.
Calculations of heat gain (AQ) and time lapse (At) according to Bowden (I 977) To calculate AQ, one must first calculate the temperature increase (AT) Minus et al. where z is depth of the water column and p and Cp are the density and the specific heat of the seawater. For the calculations we have taken pCp = 1. From the AQ calculation for each station one calculates At from the expression:
where Q0 is the net daily solar heat input, which is the difference between the gross daily solar heat input (Q,) and the heat losses to evaporation (Q,), to back radiation (Q& and to direct conduction to the atmosphere (Q,).
Qo = Qs -(Qe + Qb + QA.
(3
The values of Q0 used in the calculations (Table 1) were interpolated from the "net oceanic heat gain" charts of Hastenrath and Lamb (1978) , taking into account season and location. Hastenrath and Lamb (1978) for the appropriate latitude and season. Part B: Regression equations between the increase in the heat content (AQ) per square meter of sea surface and the biological oxygen production per square meter and the integrated chlorophyll. Column 1 gives the semilogarithmic linear equation; column 2 gives the exponential equation; column 3 gives the same relationship but with AQ transformed to the time differential, At (in days), using the daily heat gain presented in the upper part of the 
Results
Biological nutrient consumption (-AN) and biological oxygen production (-I-AOJFor the NW African part of this paper, we have built on the results reported in our previous analysis of the Cape Corveiro region of the NW African upwelling (Minas et al. 1982b) (Fig. 1B) . The Cape BlancCape Corveiro upwelling is well known because the international CINECA program was focused there Hempel 1982) . Most of the data for this region have been presented previously; only the temperature-salinity diagram is uniquely presented here.
The SW African upwelling system is the symmetrical homologue of the NW African upwelling system, and although its importance has long been recognized (Defant 1936; Hart and Currie 1960; Calvert and Price 197 l) , knowledge of it is only now approaching that of the NW African system (Andrews and Hutchings 1980) . In applying our model to this system, we chose the only complete hydrographic section (Fig. 1C ) of RV Alexander von Humboldt Cruise No. 44 to the upwelling system off the coast of Namibia. The section spanned 174 km be-I tween stations 259 and 264 at 10"S'off Dune Point. The hydrographic and chemical structure of this section indicated a typical coastal upwelling situation (Fig. 2) . The hydrographical structure and the circulation pattern are described by Hagen et al. (198 1) .
The T-S diagram (Fig. 3) presents a mixing line (T = 8.9s -300. 3) that falls within the family of mixing lines characteristic of the South Atlantic Central Water (SACW) as defined by Sverdrup et al. (1942) . Deviations from the mixing line are caused by solar heating. Such T-S diagrams facilitate identification of the thermohaline properties and original depth of the upwelling source water. In a previous study of the Dune Point upwelling, Carmack and Aagaard (1977, p. 135) 
pointed out
The upwelled water subsequently warmed on the shelf, but its salinity is altered very little, so that the inshore water column is typically represented on a temperature-salinity correlation diagram by a nearly vertical line. It follows that the intersection ofthe inshore T-S curve with the appropriate offshore one approximately describes the depth from which the upwelled water was derived, the so-called depth of upwelling. (Fig. 4) , [POJ3-] = 2.3 pg-atoms liter-l, T = 11.8"C, and S = 35.1 lo/o As with temperature, the abrupt increases in oxygen occur at salinities above 35.11%0 (Fig. 4) . Such increases reflect oxygen invasion from the atmosphere and photosynthetic activity. offshore water point. The latter is warm oligotrophic water characterized by oxygen saturation (i.e. [0,] 100% = 5.67 ml liter-'), by a temperature of 19.7 l"C, and a salinity of 36.00%. These properties are characteristic of near-surface, offshore SACW. When nutrients are plotted against salinity, the resulting diagram is similar to the oxygen-salinity diagram and shows nutrient consumption at salinities higher than those in the source water. Nutrient consumption (-ans) was then calculated from deviations from the appropriate mixing line. The results of the -APOd3-vs. -AN03-ed between the source water point and an calculations are highly correlated (Fig. 5) .80
. 90 35.00
.I0 .20 .30 Fig. 3 . Temperature-salinity diagram for SW Africa corresponding to the section in Fig. 1C . The effect of heating is shown by the departure of the data points from the mixing line. The mixing line itself is described by the equation T = 8.8889s -300.29. The diagram includes Carmack and Aagaard's (1977) data from stations 204 and 207 taken off Dune Point (0). The data for stations 259 to 264 (0) were obtained from Schulz et al. (1979) . and the slope of their regression is almost identical with Redfield's N: P ratio (i.e. APOd3-/AN03-= 16.52). A similar plot based on the observed phosphate-nitrate concentrations (Fig. 6 ) also conforms to the Redfield ratio, although the intercept is offset by 0.4 pg-atom liter-l POd3-.
The conformity of the nutrient relationship to the Redfield ratio suggests a similar conformity in the nutrient-oxygen relationship ( -AN/+A02).
In the AP043--A02 diagram (Fig. 7) , all the data fall below the line defined by Redfield's ratio. This provides evidence that another process, namely atmospheric invasion, is elevating the oxygen concentration. In our NW African analysis, the atmospheric part was negligible; this we attributed to a combination of weak mixing Fig. 4 . Salinity-oxygen diagram for SW Africa; the oxygen changes brusquely at the salinity level of the source water (35.11%~). The line represents the theoretical mixing between the source water (SW) and the offshore surface water (OW) saturated with oxygen: the oxygen inputs (+AO,) from the atmospheric invasion and from photosynthetic production were calculated with respect to this line.
in the surface layer and strong photosynthetic activity that rapidly saturated the surface layer with oxygen (Minas et al. 1982b) . Off SW Africa, upwelled water is highly undersaturated, even to the point of being anoxic and containing H2S (Hart and Currie 1960) , so that atmospheric invasion of oxygen will be important in changing the oxygen in these waters. The AO2 depth profiles (Fig. 8) illustrate the relative importance of the atmospheric and biological components at the different stations off Dune Point. The atmospheric fraction increases in the offshore direction (i.e. from station 259 to 264). Seaward of station 262, the surface water is oversaturated, and oxygen starts to escape from the sea because photosynthesis is still active and also because increasing surface temperature reduces the oxygen solubility of the water. It is evident that escaping oxygen may be both biological and atmospheric in origin. By maintaining the distinction between AO,bio and AO,atm in the figures, one may consider that the outgassing oxygen comes from the AO,atm fraction, which theoretically should be greatest at the 100% saturation limit. As discussed by Minas et al. ( 1982b) one can consider that in an upwelling system, an equivalent amount of the atmospheric fraction is definitely expulsed again to the atmosphere, especially when preformed nutrients are present in the source water. This is the case here off SW Africa. Detectable levels of AO2 below the euphotic zone reach to much greater depths off Dune Point than off Cape Corveiro (Minas et al. 19 8 2 b). Probably, the strong vertical mixing off SW Africa, especially in areas where downwelling was observed (Hagen et al. 198 l) , was responsible for the deep penetration of both atmospheric and biological oxygen.
To apply our analysis to the Peruvian upwelling, we chose one of the sections that we made from 5-8 May 1976 near 15'S (C line) (Fig. 1A ) during the CUEA JOINT 2 expedition. In this upwelling we present the AN and AO, data differently because the sampling depths in the euphotic layer were much further apart than they were off SW Africa, especially in the offshore stations; consequently, our integrated values on a square meter basis are less precise than the corresponding values from the von Hum- . Correlation between the calculations of the nitrogen consumption (ANO,-) and the phosphate consumption (APOd -) that shows the classical Redfield relationship, Each value of ANO,-and APOd3-was calculated from its respective nutrient-salinity mixing line. Solid line-regression equation for the data; dashed line-the Redfield ratio (Redfield et al. 1963) . Data were taken from the SW African system. Asterisk indicates a probability level of 0.99. boldt cruise. Nevertheless, we chose this section because the data base for all parameters was the most complete. Furthermore, during the same period, productivity measurements were made in the same area from the RV Wecoma. Figure 9 shows the distributions of all the parameters pertinent to our discussion. Data from this section have been used in studies of denitrification (Codispoti 1983a,b; Anderson et al. 1983; Codispoti and Packard 1980) and the upwelling during the JOINT 2 experiment has been described often (e.g. Smith 198 1; Brink et al. 198 1; Barber and Smith 198 1; Packard et al. 1984 ).
For our analysis here, we require temperature-salinity and oxygen-salinity scatter diagrams ( expedition. Such a collective diagram is statistically the best way to indicate the source water properties as well as the mixing line. The T-S diagram (Fig. 10) shows the mixing line characteristics of the equatorial Pacific water (Sverdrup et al. 1942) and also the departure from the mixing line for water with T-S characteristics above 15°C and (Fig.  7) , and the atmospheric oxygen differential (AO,atm) was calculated from the difference between AO,obs and AO,bio. Note that the AO,atm increases as one proceeds from the inshore station (259) to the offshore station (264).
35.03o/oo. Since the oxygen concentration in the source water is almost zero, oxygen invasion of the upwelled water should occur concurrently with solar heating. This is shown in the 0,-S diagram (Fig. 11 ) by the cloud of data arrayed vertically at salinities > 35.03%~. The oxygen level assigned by inspection to the source water is 0.1 ml liter-I.
The nutrient-salinity diagrams are not ' shown here, but inspection of the T-S data of the source water found at the bottom of the coastal stations indicates that a phosphate concentration of 2.6 pg-atoms liter-l ( Fig. 9 ) represents an average value to be used for calculations. The choice of a nitrate content is more difficult because, unlike the African system, the Peru current source water can be influenced by denitrification (Packard et al. 1978; Codispoti and Packard 1980) ; this introduces variability in the nitrate levels of the source water. We adopted a value of 26.0 pg-atoms liter-l NO,-for the calculations, which is consistent with previous observations (Univ. Wash. Dep. Oceanogr. JOINT 2 Data Rep. M78-48 and Tech. Rep. M76-25). The effect on our results of the variability in source water nitrate will be shown later, but this variability is one reason for choosing phosphate rather than nitrate for the basis of our calculations off Peru.
The temperature and salinity of the oligotrophic offshore waters, which we assign to the end of the mixing line in Fig. 10 , are 22.5"C and 3 5.5(%, identifying them as part of the subtropical surface water (SSW); this is consistent with the description of Fahrbath et al. (1982) of the water masses of the Peru upwelling region. The corresponding oxygen saturation value is 4.92 ml liter-' (Weiss 1970) , used to identify the end point for the hypothetical oxygen-salinity mixing
......... The level of oxygen saturation for 22.5"C was calculated according to Weiss (1970) . The brusque change in the angular array of the points at 35.03% reflects the combined effect of biological production and atmospheric aeration. Hatched areas correspond to the oxygen of atmospheric origin (AO,atm), which is the difference betwen the observed oxygen differential (total AO,) and the biological oxygen differential (AO,bio) calculated from APOd3- (Fig.  7 ). The figure also shows the temperature increase in the surface waters (b) and the increase in the heat content of the water column (d). Note that both values increase in the offshore direction corresponding to the high ammonium regeneration at station 372 and 373 (see Fig 9) . Only AO, is visibly affected, while AN03-, ASi03, and AQ are not concerned. line (Fig. 11 ). An important characteristic for the Peru upwelling system is that the source water is only weakly diluted with the offshore oligotrophic water. This can be seen in the sharp upward turn in the data beyond the source water point in Figs. 10 and 11, a contrast with the African upwelling system where the dilution is much greater. (Fig. 12b ) and the integrated heat gain AQ in the water column (Fig. 12d) . Figure  13 shows the plot of ANO3-against APOd3-, which is slightly different from the corresponding diagram for the SW African upwelling system (Fig. 5) . One of the reasons for this difference is that denitrification can affect the nutrient consumption ratio off Peru, especially at low levels of APOd3-, where the precision of the model is less; furthermore, near the coast the sampling was more closely spaced, which emphasizes the departures from the Redfield ratio in this nearshore region. The observed oxygen increment, A02, in Fig. 14 may be divided as it was in the SW African upwelling system (Fig. 7) into biological and atmospheric fractions. The similarity between Figs. 14 and 7 strengthens the conclusion that atmospheric oxygen penetration is important off Peru as it was off SW Africa. This is not surprising because of the oxygen deficient conditions in the source water of both upwelling systems. The distribution of the atmospheric part of the AO2 (Fig. 15a) reaches maximum values (> 1.5 ml liter-l) in the area between the coast and the 100% saturation boundary. When the distribution of off Peru as it was off SW Africa. This is not surprising because of the oxygen deficient conditions in the source water of both upwelling systems. The distribution of the atmospheric part of the AO2 (Fig. 15a) reaches maximum values (> 1.5 ml liter-l) in the area between the coast and the 100% saturation boundary. When the distribution of this fraction is expressed in percent of the observed A02, it also decreases in the offshore direction (Fig. 15b) . The balance is the biologically derived fraction of the observed AO, (AO,bio).
this fraction is expressed in percent of the observed A02, it also decreases in the offshore direction (Fig. 15b) . The balance is the biologically derived fraction of the observed AO, (AO,bio).
Relationship between nutrient consumption and chlorophyll a-In the analysis of the NW African upwelling system, Minas et al. (19823) showed a significant correlation between biological AO2 and Chl a. We here analyze our 5-8 May Peru section in the same way. Figure 16a shows a relationship close to that found off NW Africa. As before, we transformed the biological AO*-Chl relationship into a C-Chl relationship using the Redfield ratio (Fig. 17) . In this manner, we obtained a linear relationship, C = a x Chl a + b, that reflects the relationship between the observed chlorophyll concentration and the total organic carbon produced in the water mass (Fig. 17, line cl) . Line d' shows the relationship-between the filterable particulate carbon and chlorophyll measured previously (CUEA Data Rep. 49) in the same location at the same time. By comparing the two lines in Fig. 17 one can determine the fraction that can be directly measured in the filterable particulate matter (portion A) and the carbon fraction (portion Relationship between nutrient consumption and chlorophyll a-In the analysis of the NW African upwelling system, Minas et al. (19823) showed a significant correlation between biological AO2 and Chl a. We here analyze our 5-8 May Peru section in the same way. Figure 16a shows a relationship close to that found off NW Africa. As before, we transformed the biological AO*-Chl relationship into a C-Chl relationship using the Redfield ratio (Fig. 17) . In this manner, we obtained a linear relationship, C = a x Chl a + b, that reflects the relationship between the observed chlorophyll concentration and the total organic carbon produced in the water mass (Fig. 17, line cl) . Line d' shows the relationship between the filterable particulate carbon and chlorophyll measured previously (CUEA Data Rep. 49) in the same location at the same time. By comparing the two lines in Fig. 17 one can determine the fraction that can be directly measured in the filterable particulate matter (portion A) and the carbon fraction (portion .o. b Fig. 15 . a-Cross-section through the Peru upwelling showing the distribution of the oxygen of atmospheric origin (ml liter-l). Note that these values are maximum in the inshore zone of undersaturation. b-The decrease in the offshore direction of the oxygen of atmospheric origin expressed as a percentage of the observed oxygen differential which shows in an indirect manner the increase in photosynthetically derived oxygen. B) that has been transferred to higher trophic levels, has sunk out of the near-surface waters, and has dissolved. The relative magnitudes of these fractions in the Peruvian upwelling change with time along the C line. For instance, the data of the 8-9 May section (Fig. 16b) would yield even more lost organic matter (portion B) than the 5-8 May section (Fig. 16a) . We propose that much of this variability reflects herbivorous grazing, which in the Peru upwelling has a great influence on low autotrophic standing stocks. We comment on this point below. Nutrient consumption and heat in-NW African upwelling near Cape Corveiro crease-An indirect productivity estimatethe T-S diagram is shown in Fig. 18 . The Calculations of productivity from nutrient hypothetical mixing line is defined by the consumption (-AN) or oxygen production end-point properties: S = 36.1, T = 15.25 (+AO,) require the corresponding time dif-(source water: Minas et al. 1982b) , and S = ferential (At). We obtained At from the in-36.7, T = 19.00 (offshore water). The offcrease of the heat content in the offshore shore characteristics are those of the North surface flow of the upwelled water by ap-Atlantic Central Water (NACW) as defined plying Bowden's (1977) procedure. For the by Sverdrup et al. (1942) and Tomczak (1978) . The temperature increases (Ar) were calculated from this diagram. For the SW African and Peruvian upwelling systems AT was calculated similarly from diagrams in Figs. 3 and 10 . AQ was calculated according to Eq. 1 and At according to Eq. 2 (see methodology). The results of these calculations are given in Table 2 .
In analyzing the AQ data, it became obvious, in comparison with the integrated nutrient consumption (-I: AN), the integrated oxygen production (+ 2 AO,bio), and the integrated chlorophyll data (Z Chl a), that the data are best represented by a linear regression in a semilogarithmic coordinate system (Table 1 ). The fact that chlorophyll varies as a function of AQ in an exponential manner results from AQ being a measure of time. The relationship of the type: 2 Chl a = Z Chl a, x exp(kAQ), that can be transformed to the similar expression: 2 Chl a = X Chl a x exp(pt), shows that the chlorophyll time-course obeys algal growth kinetics. Accordingly, one can calculate p for the different upwelling areas, as in Table 1 , and examine their differences. Final curves representing the time-course of the biological Z AO2 and 2 Chl a are shown in Fig. 19 .
The most striking result is the fundamental difference between the curves for Peru and NW Africa. In terms of the kinetics of phytoplankton growth or of increase in the biological A02, the growth rate (p) in the upwelling system off NW Africa is 5-6 times that off Peru (Fig. 19a) . The other notable difference is that the standing stock of chlorophyll off NW Africa reaches about the same level as that off Peru despite the fact that the nutrients in the NW African source water were much lower (Fig. 19b) .
Ignoring the chlorophyll sampling problem mentioned before, we have plotted the integrated chlorophyll data (Z Chl a) from the SW African stations in Fig. 19b . We have also plotted the 2 AO2 from SW Africa in Fig. 19a , which, as stated above, is equivalent to 2 AN. These data fall between the NW African and Peruvian curves. In contrast, the SW Africa chlorophyll (2 Chl a) reaches values as high as those off Peru, but this is achieved from higher levels of nutrient consumption.
Average productivity derived from inte-
Chl a yg liter-1 Fig. 17 . Relationship between carbon, either the filterable particulate fraction or the total carbon as calculated from POA3-data and the Redfield ratio (ordinate), and Chl a (for Peru). Line d was derived from the solid line in Fig. 16a and expresses the relationship between the total organic carbon produced and the observed concentration of chlorophyll. The line follows the equation: y = 2 13.3~. Line d', which is described by the equation y = 45.73x + 15.12 (r = 0.96*, P = O.Ol), represents the C-Chl a relationship measured previously (CUEA Data Rep. 49). Those measurements were made in the same region and at the same time, but from a different ship. (A) represents the carbon remaining in the system and (B) represents the carbon that has disappeared from the microplankton for a particular value of Chl a. grated nutrient consumption - Table 2 summarizes our results for three coastal upwellings. For each area, we calculated the nutrient consumed (phosphate or nitrate) in an area defined by 1 km of coastline and the length of the hydrosections in Figs. 1 and 20. The area off Peru was further divided into two subareas for separate calculations of oxygen invasion rates (Minas et al. in prep.) . The first was a 73-km oxygen-deficient zone, more comparable with the NW African upwelling area (Fig. 20) . Carbon produced in the three areas equals 927, 5,075, and 11,6 11 lo3 kg, a ratio of 1 : 5 : 11 for NW Africa : Peru : SW Africa. This ranking changes when time is considered. The time required to produce this carbon was calculated from the heat budget. When the carbon produced in each area is normalized by this time, one gets the so- called net community production (NCP) which we will define and comment on later. This value reflects the intensity of the biological activity in producing new biomass on the square-meter basis in the upwelling systems. With an average value of 2.5 1 g C m-2 d-1 (line 6, Table 2), NW Africa becomes, on the square-meter basis, by far the most productive area, greater than SW Africa (1.06 g C rnA2 d-') and Peru (0.59 g C rnw2 d-l). The daily amount of carbon produced in the three areas becomes 96 (Peru), 139 (NW Africa), and 184 x lo3 kg of C (SW Africa). It is evident that the real carbon budget per unit of coastline should consider the complete offshore extension of the upwelling system. At the terminal stations for our three sections, nutrients are not yet depleted. Far off Peru and SW Africa, the waters still contain 219 and 430 mg-atoms m-2 of mineral nitrogen in the upper 40 m. This represents important potential fertility, even for NW Africa where the amount remaining is only 108 mg-atoms m-2. We thus conclude that although the NW African area is distinctly more active, both Peru and SW Africa, with greater nutrient potentials, can be considered more powerfully productive systems. The differences in assimilation numbers derived from NCP (Table 2, line 10) and the average chlorophyll standing stock confirm these regional differences, with values of 0.5 off Peru and 2.37 off NW Africa. Representative values of 14C-assimilation numbers (Table 2 , line 12) are also very different in the two regions.
Discussion
A major point is to analyze, to understand, and to comment on the striking difference in the growth kinetics of the autotrophic standing stock in the different areas. This difference of growth rates is also underlined by the NCP values. First of all, let us define the significance of NCP in regard to productivity definitions in the current literature.
Net community production and its relationships to 14C-productivity, to "new, " and to "regenerated" production -The determination of the decrease of a mineral nutrient (-w in a water body during a given time (At) and its implied incorporation into organic matter constitutes a production measurement in terms of this element. Since, in the aquatic environment, autotrophic ac- Table 2 . To facilitate comparison of the production budgets and the general productivity for the three upwelling zones, we have evaluated, on the basis of the nutrient consumption, the total amount of carbon produced seaward of a unit kilometer of coastline; the offshore distance was determined by the length of the hydrographic sections (Figs. 1 and 20) (I) . Off Peru, a shorter fraction of the main section, 73 km long, that represents the oxygen deficient zone, was also used in determining a budget of biologically and atmospherically derived oxygen. Nutrient consumption calculation (2) and its carbon equivalent (3) were based on the utilization of mineral phosphate except for the NW African situation in which the total nitrogen (N03-+ NH,+) was used. The general increase of the heat content (4) for the zone, as calculated from the "net oceanic heat gain" of Hastcnrath and Lamb (1978) (Table 1 ) enabled us to evaluate the mean time in days (5) required to accumulate this quantity of heat. The mean budget for the net community production (NCP) (6) was calculated from the data in lines 3 and 5. From NCP one can calculate the carbon produced daily in the area considered (7). Taking into account the mean level of chlorophyll (8, 9), we also calculated a NCP assimilation number (AN) (10). Note that this number does not have the same physiological significance as the classical productivity index. The difference between NCP (6) and the 14C production (11) and the difference between the classical AN (12) and the AN calculated from NCP (10) is the main problem of our discussion. tivity is closely associated with heterotrotally produced oxygen and respired oxygen phic activity, the quantitative significance of the whole pelagic community. When used of a production measurement based on difin the past, these measurements were simferent nutrients is not exactly the same (i.e. ply estimates of net community production AP043-and AN03-). In the case of phos-(e.g. Redfield 1948; Broenkow 1965 ; Minas phate, the regenerated form being ortho-1970; Codispoti et al. 1982b ). In the case phosphate, the apparent change in the phosof nitrate, the observed -AN03-is a meaphate concentration represents sure of gross consumption, since regenernet production. Likewise, an apparent inated nitrogen appears in different forms, crease in oxygen concentration after correcmainly ammonium, and nitrification may tion for atmospheric interferences (+ AO,) be minimized in the photic zone. new production, according to the general definition (Dugdale and Goering 1967; Eppley and Peterson 1979) . In addition, when ambient ammonium concentrations in the photic zone are low or negligible (often the case since ammonium is rapidly assimilated), the NCP estimated by the phosphate change is inherently also a measurement of new production.
For many oceanic regions, great attention is now being focused on the new vs. regenerated production ratio, normally expressed bY f= PNO,- pNH,+ + pNO,- (Eppley et al. 1979; Eppley and Peterson 1979; Olson 1980; Glibert et al. 1982) . Total production (pNO,-+ pNH,+) is assumed to be measured by the 14C method. Since our NCP data represent the new production, we are theoretically in a position to assess the f values by comparing them with 14C-uptake rates.
In our earlier paper (Minas et al. 1982b ), we evaluated an f value [ =AN03-/(AN03-+ ANH4+)] in which ANH4+ represents the ammonium assimilation originating from below the photic zone. Instantaneous regenerated ammonium in the photic zone cannot be measured in this way and our f value (0.9) consequently was overestimated. With this value of 0.9, we were nearly in agreement with Eppley's assumption for a high f value in an upwelling area (Peru) (see figure 3 in Eppley et al. 1979) but were severely in disagreement with Smith and Whitledge (1977) because their estimate of the ammonium contribution to total nitrogen uptake by phytoplankton is as much as 75% (f= 0.25). Such a result, which might locally be possible, implies that the upwelling in question, unlike upwellings in general, does not produce new biomass.
We propose therefore the following new calculations, which may resolve the controversy. The carbon production evaluated from the total nitrogen uptake is 2.5 1 g C m-2 d-l (Table 2 ). According to Minas et al. (1982a) , 90% of the total nitrogen uptake is nitrate; the new production in terms of carbon is therefore 2.26 g C m-2 d-l, i.e. 26.9 mg N03--N m-2 d-l, according to the C : N ratio of 7 to 1 used by Smith and Whitledge. They found that 75% of 20.4 mgatoms m-2 d-l, i.e. 15.3 mg-atoms rn2 d-', represents the total nitrogen regenerated by the different communities (zooplankton, benthos, necton).
We therefore calculate the following value of the ffactor of Eppley et al. (1979) 1982a). JOINT 1 was carried out mostly under exceptionally strong winds, and productivity in highly mixed water bodies is considered to be relatively low (Huntsman and Barber 1977) . At the end of JOINT 1, during our observations interpreted here, productivity was much higher, even sometimes reaching > 7 g C m-2 d-l (oxygen method). Earlier published 14C results range from 3.7 to 7.7 g C me2 d-l in this area (Groupe MEDIPROD 1974a; Minas et al. 1982a ). The high fraction of 75% regenerated production was derived by Smith and Whitledge (1977) from values of primary production which seem to us to bc too low (1.7 g C rnw2 d-l ). We conclude that the new factor of 0.64, resulting from both field evaluations of N03-utilization and NH,+ production by the whole heterotrophic community, gives a reasonably good value for an upwelling area which obviously should produce more new than regenerated matter. This should be especially true when nitrate is nearly depleted in the whole system.
Off Peru, where nutrients are far from being completely depleted, a different situation may be expected. Unfortunately, we do not have such complete regeneration data for the period of our observations. The av-J/c+ :;;;+f$-&+~;. Fig. 20 . Schematic representation of the surface dimensions on which the calculations in Table 2 were based. Note the two different offshore dimensions considered for Peru.
erage NCP value of 0.59 g C m-2 d-' represents only 2 1% of the production measured by the 14C method (2.759 g C m-2 d-l) (Table 2, lines 6 and 11). Our NCP value is 3 1% of Barber and Smith's (19 8 1) average value of 1.89 g C m-2 d-' for the preceding March-April.
Values off near 0.5 (Whitledgc and Packard 197 1; Whitledge 198 1) are also confirmed by Eppley and Peterson (1979) . As we discuss below concerning the "high chlorophyll" situation, a value of 0.72 can be derived from Smith's (1978) data for an average situation off Peru in 1976. The primary 14C productivity in terms of nitrogen is given as 0.25 g N m-2 d-l and the zooplankton nitrogen regeneration as 0.07 g N m-2 d-'. Since other heterotrophic levels, such as the fish populations (anchoveta) and the benthos are not accounted for, the f value must be lower. , Certain factors may be involved and explain the low values obtained with our global integration method. High ammonium concentrations (e.g. 4-5 pg-atoms liter-1 at station 372, Fig. 9 ) associated with other regenerated forms of nitrogen must lead, as mentioned above, to underestimates of the new production derived from the NCP result. On the other hand, waters high in ammonium should be characterized by low f values as a consequence of repression of nitrate uptake (McCarthy et al. 1977) . Another possibly major reason for the discrepancy between NCP and 14C production is the elimination from the incubation bottles of the large herbivorous predators that, in situ, can freely exercise their grazing pressure.
The 14C productivity measurements can be used to determine the carbon doubling time (CD,) in days from the following expression (CUEA Data Rep. 49): CD, = log 2/log[(POC + 14c)/PoC] in which POC is particulate organic carbon and 14C is daily carbon productivity. We calculated POC from the previous relationship (POC = 45.73 Chl + 15.12, Fig. 17 ). For most of our determinations, CD, was close to unity. Furthermore, measurements of chlorophyll at the beginning and end of the incubation period confirm this CD, value of 1 day. But in situ, the average chlorophyll doubling time was considerably higher (Table 1) . Here the predator-prey artifact in the microcosm of the incubation bottles may be the most severe handicap for incubation procedures. If the total production is thus overestimated, the f value will be lower, and this cannot be corrected at present.
Role of herbivorous grazing pressure on the algal standing stock-OfT Cape Corveiro in NW Africa, the autotrophic standing stock increases much faster than off Peru, according to the chlorophyll doubling times of Table 1 . In our opinion, the existence of grazing pressure at the beginning of the phytoplankton bloom (i.e. in the upwelled source water) appears to be of major importance. If at the onset of the bloom growth is only slightly limited, the biomass will increase exponentially and rapidly attain high values. The impact of the herbivores, even when strong, will differ depending on whether it occurs early or late in the bloom; if it occurs late, it has much less influence.
The zooplankton distribution described off Cape Corveiro by Blackburn (1977 Blackburn ( ,1979 shows the smallest animals on the shelf and the largest forms offshore. The total zooplankton biomass data of Smith and Whitledge ( 1977) clearly show a general increase from a low shelf value (1.65 g rnB2 dry wt) to a high shelf-break value (7.5 5 g m-2) and to an even higher value offshore (13.14 g m--2). It appears thus that when the large zooplankton (euphausiids) and more abundant deep-water zooplankton start their grazing, it is too late, because the autotrophic biomass is already too high to be affected. Off Peru, early herbivorous grazing pressure seems to control the phytoplankton bloom in the source water and keeps the algal biomass at low levels for a longer time during offshore transport of the upwelled waters. The zooplankton biomass distribution during the period just preceding our observations (April 1977) is described by Santander (198 1) . It shows a trend opposite to that of the NW African system, with a large zooplankton peak over the shelf (6.5 g m-2) and a minimum at the shelf-break (0.6 g m-2). Although absolute biomass data comparisons might be misleading for methodological reasons (S. Smith pers. comm.), the differences in the general characteristics within each upwelling area are valid.
A fundamental question would be to elucidate the mechanism of this early control. It might be due to an abundance of zooplankton after a relaxation of upwelling. Dagg et al. (1980) found, in this Peruvian area, starving copepods with low ingestion rates but normal oxygen metabolism (hungry animals in a low food environment). Zooplankton may occasionally be concentrated in the surface water near the coast by the underlying onshore flow (Packard et al. 1984) and also under the influence' of rising of the nearly anoxic water (Judkins 1980) . As described in detail by Boyd et al. (1980) , most zooplankton species, with a few exceptions (Eucalanus), avoid anoxic waters.
Although many aspects of the grazing impact of herbivores on chlorophyll distribution are well understood, we should focus particular attention on this question of the retarded phytoplankton bloom and its consequences to primary productivity.
If herbivorous grazing is not the main factor explaining high nutrient-low chlorophyll situations, then a new conceptual model may be necessary, since the "biological conditioning" hypothesis of Barber et al. (197 1) by itself obviously does not explain the phenomenon, as we discuss below. Our "new production"
rates of 2.3 to 0.6 g C m-2 d-' also show greater activity on the squaremeter basis (Table 2 ) and the corresponding ratio of 3.83 is nearly the same. The average data from SW Africa, with 1.8 g C m-2 for the biomass, and the corresponding 1.06 g C mm2 d-l of our net productivity, also fit previous data relatively well (Table 2) .
'%ligh nutrient-low chlorophyll" (HNLC) vs. "high chlorophyll-low nutrient" (HCLN) conditions in coastal and ofshore upwelling areas-A slowly growing standing stock retards nutrient consumption, and relatively high nutrient waters reach far offshore. Such high nutrient-low chlorophyll (HNLC) conditions were observed by Walsh et al. (1980) during the main upwelling season (August 1976) and may be a permanent feature of that season. During the same season as our observations (northern spring), the Peruvian upwelling has been shown to generate a high biomass in terms of chlorophyll or organic production (e.g. Univ. Wash. Dep. Oceanogr. Spec. Rep. 42; Ryther et al. 197 1; Smith 1978; Simpson and Zirino 1980; Woods Hole Oceanogr. Inst. Tech. Rep. 83-5) . This HCLN situation, produced by rapidly growing autotrophic populations, occurs mainly near the coast, and we may assume that f is probably highest under such conditions. Continuous surface mapping in the near-coastal area (Boyd and Smith 1983; Walsh et al. 1980 ) shows a considerable small-scale chlorophyll patchiness, which even coexists at almost the same temperature. This demonstrates a high variability, which includes the classical El Nina events (Barber and Smith 198 1) . Large-scale HNLC conditions exist far off the Peruvian coast (Thomas 1979) . A sudden change in such areas by rapidly developed phytoplankton blooms may be the explanation for certain satellite observations in the offshore areas of the Peru upwelling (Feldman 198'6) . Off SW Africa our situation was almost one of HNLC, but we also encountered high chlorophyll episodes, and in the same area, just after our observations, high chlorophyll values appeared. The NW African upwelling systems often show HCLN features (Groupe MEDIPROD 1974b; Herbland and Voituriez 1974) , but HNLC situations have been described only once before for the offshore area in the vicinity of Nouakchott .
Large-scale HNLC features (Thomas 1979) are mainly found in open-ocean upwellings, and the associated herbivorous grazing as proposed by Walsh (1976) is also confirmed by Voituriez et al. ( 1982) and Herbland et al. ( 1983) in the Equatorial Atlantic divergence. The Costa Rica Dome is a spectacular HNLC example because it constitutes a real nutrient dome in the photic zone, and because the high temperature and high nutrients indicate extended residence time in the surface waters and retarded autotrophic development. Since our diagram analysis is derived from Broenkow's (1965) Costa Rica model, it is appropriate for us to apply Bowden's residence time calculation to Broenkow's results. Furthermore, Wyrtki (1964) has calculated, from a detailed heat budget study, an upwelling velocity (1 Od4 cm s-l), and from this value a productivity that represents new production in terms of phosphorus. Our own production value can be compared to his. By using Wyrtki's data (Scripps Inst. Oceanogr. Rep. 60-20) and T-S diagram, and the end-point salinities of Broenkow's model, we have calculated an overall time differential of 83 days. This calculation included an increase in heat content of 9,100 cal cm-2 and a net oceanic gain of 110 cal cm-2 d-' (Wyrtki 1964) . Combining this calculation with Broenkow's value of 29 liters of oxygen produced per square meter (from the phosphate consumption data) and converting the oxygen to carbon productivity (12 g) by the Redfield ratio, we calculate a net community production of 142 mg C m-2 d-l ; this value is very close to Wyrtki's result of 197 mg C m-2 d-l.
The observed chlorophyll standing stock per square meter is very low and on average does not exceed 10 mg rnM2 for concentrations near 0.1 mg Chl a m-3 in a 65-m-deep water column (Scripps. Inst. Oceanogr. . The amount of chlorophyll produced is considerably higher than this, since 29 liters of oxygen converted to a C : Chl a ratio of 5 5 : 1 (Ketchum and Corwin 1965) corresponds to 2 18 mg of Chl a m-2. The observed average chlorophyll content of the water column thus represents only 10 : 2 18 = 4.6%, far less than the difference we observed in the two coastal upwelling systems. The growth kinetics of the standing stock is extremely low, as shown by the representative point of the Costa Rica Dome plotted in Fig. 19 .
Since it is obvious that a considerable amount of the autotrophic biomass has been removed, losses from herbivorous grazing appear again to be the most plausible explanation. The absence of "biological con- 88 In x (r = 0.98*, P = 0.01). This shape of the curve is an exception to the commonly observed linear relationship between temperature and nutrients that has been described in upwelling areas by Brink et al. (198 l) , Traganza et al. (1983) , and Voituriez and Herbland (1984) as well as here. This demonstrates that nutrient consumption proceeds faster than surface heating, an important fact in interpreting satellite images. ditioning," characterized by low specific uptake rates in the earliest state of upwelled source water (Barber et al. 197 I) , cannot be an explanation in thcsc waters with high residence time. In addition, assimilation numbers do not appear to be fundamentally different from the coastal values. 14C productivity data ranging from 160 to 440 mg C m-2 d-l, together with the very low chlorophyll concentration, lead to a productivity index ranging from 1.4 to 4.4 mg C (mg Chl a)-l h-l. Theffactor derived from our NCP result and from the average 14C production of 300 mg C m-2 d-l becomes 0.5, a value relatively consistent with our previous discussion. We conclude that the Costa Rica Dome illustrates an extreme case of a HNLC situation, controlled by the same mechanism of grazing keeping phytoplankton production and biomass at the lowest possible values.
With regard to the phenomenon of slow nutrient uptake throughout large oceanic regions, two questions arise. How are these nutrients utilized and where are they utilized? Obviously, the oligotrophic waters surrounding the upwelling areas will receive such nutrients. The underestimates of oligotrophic productivity, by as much as an order of magnitude according to sediment trap studies (Eppley 1980 ) and isotope measurements (Jenkins 1982) , may be explained by the occurrence of masked nutrient input into oligotrophic waters. Since these high production rates probably cannot result from vertical transport of nitrate through the thermocline (Klein and Coste 1984) , a mechanism of horizontal advection must be invoked. On the other hand, a real low productivity characterized by a net production level near zero in certain waters has been verified by Williams et al. (1983) , confirming earlier results of Knauer et al. (1979) .
Consequences of our study on air-sea gas exchange and on satellite observationsWithout presenting our results of a separate study on the air-sea oxygen exchanges in upwelling areas (Minas et al. in prep.) , we should mention that a knowledge of both the average residence time of upwelled waters and the amount of atmospheric oxygen entering the undersaturated area permits us to calculate an average flux of oxygen invasion. In addition, by taking into account the mean partial pressure of oxygen in the undersaturation area, we can calculate the exchange coefficient as defined by Redfield (1948) as well as the piston velocity as defined in the stagnant film model of Broecker and Peng (1982) . Our main conclusion here is that the delayed autotrophic activity in HNLC situations prolongs the occurrence of oxygen undersaturation (and CO2 oversaturation) in surface water and therefore has an important influence on the mechanism of gas exchange in upwelling zones. Equatorial upwelling is generally characterized by oxygen undersaturation (see figure 3-7 in Broecker and Peng 1982) and CO2 oversaturation (Keeling 1968 ). In contrast, high autotrophic activity associated with high chlorophyll concentration (HCLN situation) produces, in coastal upwelling zones, intense CO2 undersaturation on a small scale, as shown by Simpson and Zirino (1980) for the Peruvian upwelling.
Our final point is that this study facilitates the interpretation of satellite images of chlorophyll and temperature distribution.
It is obvious that attention must be focused on relationships between sea surface properties and integrated properties of the water column. Eppley et al. (198 5 ) established a relation between surface chlorophyll and daily primary productivity per square meter. Because our study establishes a relationship between water column chlorophyll and the integrated heating rate, it enables plankton kinetics to be determined. Then by satellite, much information about plankton growth, productivity, and their spatial variability can be assessed by analyzing synoptic satellite imagery. Relationships between sea surface temperature (SST) and sea surface nutrients (SSN) have been used in studies of satellite imagery (Traganza et al. 1983) . General linearity of these SST-SSN relationships (Brink et al. 198 1; Voituriez and Herbland 1984) has been confirmed for all our data in the coastal upwelling areas. This demonstrates an equilibrium between the rate at which nutrients are taken up and the rate at which the sea surface temperature increases. Scrutinizing data from the literature, we found two exceptions of non linearity of SST vs. SSN relationships. Figure 21 displays such a rapid nutrient uptake corresponding to a HCLN situation. The second example can be found in the N03--temperature diagram of Barber et al. (1983) , which displays a slowly changing HNLC situation, They make a statement of outstanding importance (Barber et al. 1983, p. 16) : "if this is true, the hypothesis that El Niiio affects biological productivity by reducing the nutrient supply is not correct." It turns out that extreme HNLC situations may generate a local El Niiio effect by passing to higher trophic levels even less food than is passed in a classical El Niiio event. Future satellite observations, like those of Feldman ( 1986) will greatly help our understanding of such problems associated with large-scale oceanic productivity.
Conclusions
Relating biological and hydrological parameters through diagram analysis provides a use.ful approach for dealing with large oceanographic data sets. The usefulness of this approach has been demonstrated for both large-scale deep sea (Broecker and Peng 1982) and estuarine studies (Sharp et al. 1982) . We show here its usefulness in studying upwelling areas.
The approach can be extended to calculate net community production (NCP) in upwelling areas from estimates of the time differential from heat accumulation, nutrient consumption, and biologically produced oxygen.
Overall net community production derived from the integration of nutrient consumption over the main production area represents mainly a new production budget, especially when nitrate consumption is evaluated.
The value of the f factor = pNO,-: (pNO,-+ pNH,+) (Eppley and Peterson 1979) is high in these upwelling systems in which herbivorous grazing is unable to control an overwhelming phytoplankton bloom. We found 0.64 for the NW African experiment. During upwelling events in which the grazing pressure holds the phytoplankton biomass down and keeps the nutrient concentration up, fseems to be significantly lower (~0.5). The general use of incubation methods (14C, 15N, 02, etc.) in which herbivorous grazers are eliminated from the incubation bottles contributes to uncertainties in theffactor. A more detailed analysis, as demonstrated by Laws (1983) , would be useful in upwelling systems.
There is evidence from our calculations that herbivorous grazing, rather than a low specific uptake rate of nutrients by phytoplankton, is the principal reason for the slow increase in the autotrophic standing stock. But to be efficient the grazing pressure should occur early in the upwelled source water. Extreme high nutrient-low chlorophyll (HNLC) situations in oceanic upwelling systems (Costa Rica Dome for instance) are explained by the mechanism of grazing pro-posed by Walsh (1976) spreading of nutrients to adjacent oligotrophic areas. In addition, it has an influence of great geochemical importance on the airsea gas exchange, because it prolongs the duration of oxygen undersaturation and CO, oversaturation at the sea surface.
The chlorophyll and heat gain derived in this study may facilitate interpretation of satellite imagery and may lead to the estimation of growth rates from satellites.
